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F'igure 2: Corrected Velocity profiles scaled with inner flow variables.
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where U is the corrected mean velocity, Uy, is the measured mean velocity and u% is the mean square of velocity
fluctuations in the streamwise direction. However, no turbulence measurements have been recorded so the follow-

ing laws were utilised,
For yT > 50 (Perry et al.5):
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For 15 < y+ < 50 (Abell’):
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3.3 Comparison of Results

Figure 3 contains profiles of Osterlund’s? hot-wire data plotted over the corrected results of this investigation at
the highest and lowest Reynolds numbers measured. Figure 4 compares the raw data taken here with the raw
data of the “superpipe” (raw data used so that comparisons made are independent of the correction applied).

All data sets in Figures 3 and 4 clearly collapse very well in the wall region and the same collapse is seen at all
other Reynolds numbers tested. It should be noted that only “superpipe” data in the range of Re = 40 x 103 -
146 x 1/03 has been used for comparison, corresponding to the range of measurements taken at Melbourne.

3.4 The Log Law Constants

In response to claims of a velocity profile power law, Osterlund? plots the function © given by:
daut\
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If the logarithmic law does exist, © = & in the overlap region. A major problem with plotting this function is that
it requires the derivative of data points to be taken and this is not usually an accurate or reliable procedure. The

best method found was to use a second order finite difference scheme. The scheme fits a parabola to three data
points yg:_l, y;" and y;*'_l and the first derivative of that parabola at yf gives the algorithm for the derivative:
|
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This algorithm was applied to data sets of (Iny™,U%) which is evenly spaced in Iny™, rather than (y+,U") in
which yt is spaced almost logarithmically. Figure 5 is a plot of © against yT for all Reynolds numbers where
only data for which 7 < 0.15 is included. A constant value of © = 0.384 = k appears for yT > 125 (approx.),
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Figure 3: Comparison of the authors data Figure 4: Comparison of the author’s data with
(corrected) with Osterlund’s data Superpipe data (all uncorrected)

confirming a log law. A slight drop in © for high y™ is evident, indicating more appropriate overlap region limits
maybe y* > 100 and 7 < 0.1 as found in Henbest* and Perry et al®.
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Figure 5: A plot of the function © with inner flow scaling

4. CONCLUSION

The mean velocity profiles with near wall scaling collapse well onto the logarithmic law of the wall for the whole
Reynoldé number range studied. Constants in this log law are determined as x = 0.386 and A = 4.21.

The consistency of these results as compared with Osterlund® and Perry et al.3 is encouraging. However, it is
the results of hot-wire measurements which will be critical in this investigation and it is the intent of this author
to complete these measurements thoroughly and promptly.
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ABSTRACT

Many Pressure Swing Adsorption (PSA) processes involve the flow of gas through packed beds of
zeolite or activated carbon adsorbent particles. Given the inherent non-linear form of the governing
partial differential equations that describe the system, a tractable solution cannot be obtained
analytically. Hence, a numerical scheme is required to model the complex interactions between the
mass, energy and momentum balances. To avoid the complexity of a full Navier-Stokes 3-Dimensional
analysis for unsteady-state flow through a packed bed, a convenient approximation for bed pressure
drop can be formulated in one spatial dimension using the Ergun equation, which assumes additivity of
both the laminar and turbulent flow components. This paper investigates the performance of the Ergun
equation against experimental data obtained from a suitably instrumented pilot plant operated under
two different flow regimes. '

1. Steady state flow of air through a pre-saturated (inert) bed of SA molecular Sieve zeolite.

2. Single step adsorption (breakthrough) study of nitrogen from an air carrier stream over a pre-
cleaned bed of 5A molecular sieve zeolite.

1. INTRODUCTION

Adsorption involves the migration and subsequent uptake of a species from the bulk fluid phase (either
gas or liquid) to a solid surface. Generally most commercial adsorption separation processes utilise
synthetic molecular sieve zeolites, which is composed of a crystalline aluminosilicate structure
pelletised through the addition of a suitable binding agent [1]. The subsequent adsorbent particle
exhibits excellent adsorptive, selectivity and regenerative properties. One process that harnesses the
selectivity of these adsorbents is Pressure Swing Adsorption (PSA), with one of the first patents for a
commercial PSA cycle awarded to Skarstrom in 1960 [2].

There are two principal steps involved in a typical PSA application.-

1. Pressurising the feed stream to pressures above atmospheric (adsorption). This causes the
preferentially adsorbed species to be selectively adsorbed from the bulk gas to solid phase.
2. " Reducing the total pressure of the bed to atmospheric or sub-atmospheric pressure (desorption).
This allows the adsorbent to be regenerated for use during the next adsorption step.

However, most patented PSA processes utilise a series of intermediary steps around those listed above
such as low pressure purge and bed-to-bed pressure equalisation to increase process efficiency,
improve product recovery and reduce power consumption. Given a typical PSA process can take
several thousand cycles to reach Cyclic Steady State [3], the use of a conservative numerical scheme
(such as the finite volume method adopted here) is critical to obtain mass and energy balance closure
[4]. To adequately capture the sharp wavefront characteristic of convective flow through a packed bed,
the QUICK scheme [5] with SMART smoothing [6] is adopted. This approach has been shown in
previous studies to ¢orrectly model bed dynamics over a range of process conditions [7, 8, 9 10]. This
work will .demonstrgte the validity of the Ergun equation in describing pressure driven flow across a
packed bed of 5A tolecular sieve zeolite with a comparison to experimental data obtained from a
suitably instrumented pilot plant.

2. NUMERICAL MODEL

Under pressure swing conditions, an overall mass balance for the system is conveniently written with
pressure as the dependent variable, assuming ideal gas behaviour. Under non-isothermal conditions,
the overall mass balance for an assumed binary system becomes
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where #; is the moles of species 7 adsorbed per unit mass of adsorbent, &, the bed voidage and u the
superficial velocity. A Linear Driving Force Approximation is applied to the mass transfer term, or;/ot
[11]. A species mass balance for component 1 reveals
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The energy balance is formulated on the assumption thermal equilibrium is attained locally between the
gas, adsorbed and solid phases. Conditions over which this holds have been investigated [12, 13] and
cover the region of interest through this work. The following energy balance is therefore applied.
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For convective flow through a packed bed, pressure drop becomes the dominant mechanism for
momentum transfer. This can either be modelled empirically or rigorously through the Navier-Stokes
equation for each finite volume within the bed. The empirical correlation of Ergun [14] for bed
pressure drop has been used in the past with much success, and provides a simplified approach to
modelling one-dimensional, steady state flow through a packed bed.
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Here, dj, and ¢, are the diameter and shape factor respectively for the particles, [y, the fluid dynamic
viscosity and M,,, the molecular weight of the gas. The right hand side of equation (4) has two
components, with the #* term relevant over the turbulent flow regime and the » term relevant over the
laminar flow regime. The set of coupled PDEs, equations (1) through (3) above are discretised in the
axial domain and solved in the temporal domain using LSODA, a stiff/non-stiff, variable time step
ODE solver [15].

“)

3. RESULTS AND DISCUSSION
3.1 EXPERIMENTAL PILOT PLANT
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\\Figure 1: Piping and Instrumentation Diagram for Pilot Plant.

The adsorbent bed is composed of a homogenous, single layer of 16x40 mesh 5A (calcium exchanged)
molecular sieve zeolite that selectively adsorbs nitrogen from a nitrogen-oxygen gas mixture. The use
of small bead 5A particles ensures a significant pressure profile exists over the axial domain of the
adsorbent bed, providing a good test of the Ergun equation. There are two differential pressure
transducers located across the adsorbent bed. The first lies between axial points z=20mm and
z=400mm and the second between points z=475mm and z=850mm. Pressure transducers and flow






